We report on the spectroscopic observation of a quantized electronic fine structure near the Fermi energy in thin Fe films grown on W(110). The quantum well states are detected down to binding energies of ∼10 meV by angle-resolved photoelectron spectroscopy. The band dispersion of these states is found to feature a pronounced anisotropy within the surface plane: It is free-electron like along the ΓH-direction while it becomes heavy along ΓN. Density functional theory calculations identify the observed states to have both majority and minority spin character and indicate that the large anisotropy can be dependent on the number of Fe-layers and coupling to the substrate.
The physical and chemical properties of a solid state system whose dimensions are on the nanometer scale may drastically differ from those of real bulk materials. This is because interfaces or surfaces become increasingly relevant and thus gives rise to quantum confinement, reduced atomic coordination numbers and a broken crystal symmetry. As a result, low-dimensional structures such as clusters [1] or quantum wells [2, 3] offer the opportunity to modify magnetic, electronic or lattice properties with atomic-scale precision or to even induce entirely new effects [4, 5] . In ultrathin films the size reduction to a few nanometer thickness leads to the formation of discrete quantum-well states (QWS) [2, 6] . The resulting thickness-dependence of the electronic structure has been shown to affect various fundamental physical mechanisms, such as superconductivity [7] , electron-phonon coupling [8, 9] , spin-orbit coupling [10] , or magnetocrystalline anisotropy [11] .
Angle-resolved photoelectron spectroscopy (ARPES) is a powerful technique to probe the momentumdependent electronic structure of solids and has been successfully employed to determine the properties of QWS in thin film systems (see e.g. Refs. [2, 6, 12, 13] ). Furthermore, with high-resolution ARPES it is feasible to detect narrow spectral features near the Fermi energy on the scale of a few meV which has allowed for spectroscopic investigations of superconducting gaps [14] or heavy-fermion bands [15, 16] . Single particle features, however, can sometimes also appear on this energy scale [17] . In the present work we use high-resolution ARPES to investigate the thickness-dependent low-energy electronic structure of ultrathin bcc Fe films, a material system that is of broad interest in various fields because of its ferromagnetic properties. Our measurements for Fe grown on W(110) reveal a quantized electronic fine structure with QWS exhibiting a highly anisotropic dispersion at binding energies down to ∼10 meV below the Fermi level. This result shows that quantization effects influence the electronic structure of thin ferromagnetic films on this low energy scale, bearing general implications for magnetism in nanostructures.
The presented ARPES data were acquired using a SCIENTA R4000 hemispherical electron spectrometer and a monochromatized He discharge lamp. For all measurements we used an excitation energy of 21.22 eV (He I α ). The energy and angular resolutions were 5 meV and 0.3
• , respectively. The experiments were performed in ultra-high vacuum (UHV) at a base pressure of 1 × 10 −10 mbar and at sample temperatures of 30-140 K. A clean and well-ordered W(110) surface was prepared according to the procedure described in Ref. 18 . Fe was evaporated on the W(110) substrate at room temperature using an electron beam heated crucible at a temperature of about 1500 K. After deposition the films were annealed at 750 K. The long range order and the chemical cleanliness of the Fe films were characterized by lowenergy electron diffraction (LEED), see Fig. 1 , and X-ray photoemission (XPS), respectively. Absolute film thicknesses were characterized by XPS measurements with an accuracy of approximately ±2 ML. Relative changes in coverage between 18 ML and 23 ML were determined with higher precision in steps of 1 ML from the binding energy evolution of the observed QWS as function of film thickness.
First-principles calculations were carried out using the augmented plane wave + local orbital (APW+lo) method as implemented in the WIEN2k code [19] . Exchange and correlation effects were treated within density functional theory using the generalized gradient approximation (GGA) of Perdew et al. [20] . A basis set cutoff parameter R · K max = 8 (the product of the atomic sphere radius of Fe (R = 2.15 bohr) times the plane wave cutoff K max ) was used together with a 20×20×1 k-mesh. We will start to discuss the electronic structure of Fe/W(110) near the Fermi level on the basis of the energy distribution curves (EDC) in Fig. 2(a) . The EDC were acquired at the Γ-point for coverages between 18 ML and 23 ML. In all spectra we identify two or three electronic states with energy spacings of approximately 40-50 meV. Furthermore, the data provide evidence for a thickness dependence of the electronic structure. With increasing film thickness the binding energies of all states successively shift towards the Fermi level. This electronic fine structure close to E F could not be observed in previous experiments on Fe/W(110) [21] . An overview of all measured binding energies in the investigated thickness range is given in Fig. 2 (b) and reveals a systematic binding energy evolution as a function of coverage. Such a behavior is a characteristic signature of quantization of electronic states along the film normal direction and we therefore identify the observed states as a sequence of QWS.
In the following we address the dispersion of the QWS parallel to the film plane and its dependence on crystallographic direction. Fig. 3 cedure was performed by convoluting the raw data sets with the second derivative of a two-dimensional Gaussian with FWHM of 25 meV and 0.047Å −1 . The experimental data allow us to identify up to five QWS [arrows in Fig. 3(a) ] with dispersion relations that are reasonably well approximated by free electron parabolas with positive effective masses on the order of 1-2 m e . Fig. 3 .(e) and (f) show an ARPES data set along the ΓN-direction and the corresponding second derivative image, respectively. It is clearly evident that along ΓN the QWS do not behave as free electrons but rather form flat heavy bands. In fact, the dispersion along ΓN vanishes within the experimental uncertainty over a comparably large krange; the estimated lower limit for the effective mass of the QWS closest to E F is ∼50m e . This value is comparable to heavy quasi-particle bands observed by ARPES in strongly correlated 4f and 5f compounds [15, 16] . It is also worth noting that the binding energy and the spectral linewidth of the state closest to E F are on the order of only ∼10 meV. This actually is the typical energy scale on which different many-body effects influence the electronic structure, e.g. the Kondo effect [22] , superconductivity [14] and electron-phonon renormalization of the band mass [23, 24] .
It is well-known that electronic states in surface and thin film systems can be strongly influenced by the structural properties parallel to the interface plane [25] [26] [27] . A prominent example are surface states on vicinal metal surfaces that acquire a quasi-one-dimensional character due to the additional lateral confinement induced by regular arrays of step edges [28] [29] [30] . One may therefore suspect a similar structural origin for the large electronic anisotropy observed in the present case for Fe/W(110). However, we could rule out any effect of a possible miscut of the substrate by reproducing our experimental results on different W(110) single crystals. Furthermore, we observed sharp and isotropic LEED spots that provided no indication for the formation of a superstructure within the films, but rather gave evidence for a well-ordered (110)-surface without reconstructions (see Fig. 1 ). We therefore identify the observed anisotropy as an intrinsic property of the Fe layers on W(110).
We will now address manifestations of the large anisotropy in the Fermi surface. Fig. 4.(a) shows the experimental Fermi surface close to the Γ-point for 22 ML Fe/W(110) as determined by ARPES. The data show the presence of a diamond-shaped outer structure and an additional inner fine structure which could not be observed in previous ARPES experiments [21] . The fine structure consists of parallel, almost straight lines along ΓN in accordance with the vanishing dispersion observed for this direction. The experimental results are compared to the calculated Fermi surface of a free-standing Fe layer displayed in Fig. 4.(b) . It is evident that the very characteristic fine structure visible in our ARPES data is remarkably well reproduced by the GGA calculation: The main diamond-shaped structure is indeed clearly present in the minority-spin GGA data and the characteristic lines parallel to ΓN with a weak convex deformation also show up in the theory. Even the slight concave inwards bending of the two inner features parallel to ΓN are qualitatively reflected in the calculation (arrows in Fig. 4) . Let us note that the experimental spectral weight at the Fermi surface is suppressed outside the diamond structure whereas the GGA calculation does not give a clearcut difference between the states inside and outside the diamond shape. Furthermore, the best match to the experimental data was achieved for a film thickness of 20 ML, slightly deviating from the experimental value of 22 ML. This difference possibly originates from the absence of a substrate in the calculation of the Fermi surface in Fig. 4(b) . The inclusion of the substrate in the theoretical calculation is feasible, though only when assuming a commensurate lattice parameter for W and Fe. In addition, the presence of a substrate makes the comparison with experiment rather difficult, since the calculated Fermi surface contains substrate contributions that are suppressed in the experimental data due to the small electron escape depth.
Even if the GGA-Fermi surface map without inclusion of substrate matches the measured one in even details, a comparison of the calculated and measured band structure is more difficult. The calculated band structure along the ΓH-direction yields a large number of parabolic bands in reasonable agreement with experiment ( Fig. 5.(a) ). However, the position of the main features at Γ varies a lot with the number of layers or with the inclusion of the W substrate. This can be seen more clearly in Figs. 5.(b) , (c) and (d), where we show the band structure along the ΓN-direction for 20 ML Fe, 22 ML Fe and 20 ML Fe/W. Apparently, the strong, nearly parabolic feature is not much affected by the number of layers in the calculations. On the other hand, the position of the flat bands is extremely sensitive to the structural details. We observe a sequence of weakly dispersive parabolic majority bands with negative curvature in Fig. 5 (three such (blue) bands for 20-layers, but only two bands are visible in this energy range for 22-layers), whose position as well as whose separation depend on the layer thickness. A similar situation occurs for the fairly dispersionless minority bands (black). Thus, the GGA for a free-standing film (or even grown on a compressed W substrate) yields a qualitatively correct picture of the bands, but fails to fully reproduce their exact energy position and spacing. Unfortunately, it is almost impossible to simulate the true change in the atomic structure across the interface with present computer resources. W has a much larger lattice parameter than Fe which has to induce a complicated dislocation pattern leading to the incommensurate structure observed experimentally and could only be simulated using very large supercells. For this reason we cannot get a quantitative agreement of the whole band structure. The sensitivity of the GGA band structure to the number of layers, to the presence of the W(110) substrate and to the underlying commensurate lattice parameter is indeed a clear indication that the substrate plays a role in determining the details of the experimentally observed electronic structure.
The above analysis points to a substantial interac- tion between the QWS in the Fe film with the W(110) substrate. Microscopically this interaction is caused by the hybridization of film and substrate states giving rise to a considerable extension of the QWS wave functions into the substrate [12, 13, 31] . The wave functions are therefore partially exposed to the potential landscape of the substrate which apparently promotes a further enhancement of the anisotropy in the dispersion. A recent ARPES investigation reports a highly anisotropic dispersion for a surface state on bare W(110) that, similar to the QWS in the present study, shows a steep (flat) dispersion along the ΓN-direction (ΓH-direction) [32] . The W(110) surface thus indeed appears to be prone to induce pronounced electronic anisotropies.
To the best of our knowledge no previous work has reported a comparably large electronic anisotropy for a homogeneous film so far. The present observations for Fe/W(110) are comparable to findings for nanowire reconstructions on semiconducting substrates or stepped metal surfaces with geometric structures exhibiting a one-dimensional character [28, 33] . The simplest approximation for a 2DEG yields an isotropic dispersion characterized by an effective mass m * . Deviations from this basic scenario in real systems are more or less severe depending on the symmetry of the crystal lattice and the orbital character of the involved states. Comparably weak or even undetectable anisotropies are typically found for sp z -type surface or quantum well states in systems with C 3v -symmetry, such as e.g. Cu(111) [34] , Bi 2 Se 3 (0001) [35] or Ag/Si(111) [36] . However, lowering the spatial symmetry and going to more directional orbitals can drastically enhance the anisotropy of band dispersions as demonstrated in Ref. 32 for the d-type surface state on W(110) with C 2v -symmetry.
Our measurements directly image the quantized band structure and Fermi surface of ferromagnetic Fe films on a small energy scale. The energy separation of the observed QWS is ∼50 meV and thus of the same order as temperature-induced broadening effects at E F at room temperature (4kT ≈ 100 meV). Magnetic quantum size effects originating from such closely spaced QWS are expected to become significantly damped when approaching room temperature because the discrete character of the near-E F electronic structure becomes washed out [37, 38] . Oscillations in the magnetic anisotropy in the system Fe/Ag(1,1,10) were indeed found to vanish above 200 K and our results, though not directly comparable due to the different substrate material, provide an important hint on the origin of this observation [11] . As a strategy to enhance the energy spacing a possibility is to go to lower films thicknesses or to use different ferromagnetic materials [39] .
In summary, the presented ARPES experiments reveal a quantized electronic fine structure close to the Fermi energy of 4-4.5 nm Fe(110) films being relevant for making use of quantum magnetic size effects in metallic multilayers. The observed QWS appear on a low energy scale in the meV regime indicating that quantization effects in ferromagnetic layers can occur on the same energy scale as classical many-body phenomena. The observed QWS do not follow a simple free-electron behavior but rather exhibit a strong anisotropy in their dispersion within the surface plane. Their effective mass changes by a factor of ∼50 between the ΓH-and ΓN-directions. Density functional theory calculations largely agree with the experimental findings. Based on our theoretical results we attribute the strong electronic anisotropy both to the intrinsic electronic structure of bcc Fe and to extrinsic influences caused by coupling to the W(110) substrate.
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